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The major genetic cause of frontotemporal dementia and amyotrophic lateral sclerosis is a G 4 C 2 repeat expansion in C9ORF72. Efforts to combat neurodegeneration associated with "c9FTD/ALS" are hindered by a lack of animal models recapitulating disease features.
We developed a mouse model to mimic both neuropathological and clinical c9FTD/ALS phenotypes. We expressed (G 4 C 2 ) 66 throughout the murine central nervous system by means of somatic brain transgenesis mediated by adeno-associated virus. Brains of 6-month-old mice contained nuclear RNA foci, inclusions of poly(Gly-Pro), poly(Gly-Ala), and poly(Gly-Arg) dipeptide repeat proteins, as well as TDP-43 pathology. These mouse brains also exhibited cortical neuron and cerebellar Purkinje cell loss, astrogliosis, and decreased weight. (G 4 C 2 ) 66 mice also developed behavioral abnormalities similar to clinical symptoms of c9FTD/ALS patients, including hyperactivity, anxiety, antisocial behavior, and motor deficits.
A n intronic G 4 C 2 repeat expansion in the chromosome 9 open reading frame 72 (C9ORF72) gene is the major genetic cause of frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) (1, 2). Although FTD and ALS are characterized, respectively, by cognitive and behavioral symptoms and by motor symptoms, there is clinical and neuropathological overlap between the two diseases. The precise mechanisms by which the C9ORF72 mutation contributes to "c9FTD/ALS" remain elusive, but toxicity mediated by RNA bidirectionally transcribed from the expansion [r(G 4 C 2 ) exp and r(G 2 C 4 ) exp ] is thought to play an important role (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Repeat-containing transcripts form intranuclear RNA foci believed to sequester various RNA-binding proteins (8, 9, 11, (13) (14) (15) (16) (17) , and they are also susceptible to repeat-associated non-ATG (RAN) translation resulting in the synthesis of "c9RAN proteins" of repeating dipeptides (18) (19) (20) (21) . Despite advances made toward elucidating c9FTD/ ALS pathogenesis, many questions remain because of the lack of mouse models recapitulating key disease features.
To investigate the neurotoxic effects linked to the expanded G 4 C 2 repeat and to create a model for testing new therapies in vivo, we sought to generate mice that develop clinical and pathological features of c9FTD/ALS. We used an adenoassociated viral vector to mediate robust expression of either 2 or 66 G 4 C 2 repeats, lacking an ATG start codon, in the central nervous system (CNS) of mice. Six months after intracerebroventricular (ICV) administration of AAV2/9-(G 4 C 2 ) 66 (n = 11) or AAV2/9-(G 4 C 2 ) 2 (n = 12) to postnatal day 0 mice, which results in predominantly neuronal transduction (22) , a thorough characterization of the mice was undertaken.
To assess whether RNA foci are formed in (G 4 C 2 ) 66 mice, we performed RNA fluorescence in situ hybridization using a probe against r(G 4 C 2 ). As anticipated, no foci were detected in control (G 4 C 2 ) 2 mice (Fig. 1A ), but nuclear foci were detected throughout the CNS of (G 4 C 2 ) 66 mice ( Fig. 1 , B to E), reminiscent of those observed in c9FTD/ ALS patients ( Fig. 1, F and G). Foci were present across all layers of the cortex (Fig. 1B) , in Purkinje cells of the cerebellum (Fig. 1C) , in the CA1 to CA3 fields of the hippocampus (Fig. 1D) , and in the thalamus (table S1). Foci were also observed, albeit to a lesser extent, in the ventral horn of the spinal cord (Fig. 1E) , as well as in the hippocampal dentate gyrus, cerebellar granular and molecular layers, and the amygdala (table S1). The number of foci-positive cells ranged from 40 to 54% in the cortex, motor cortex, hippocampus, and cerebellar Purkinje layer (Fig. 1H) .
To investigate RAN translation in (G 4 C 2 ) 66 mice, we first used a poly(Gly-Pro) [poly(GP)] immunoassay and observed robust poly(GP) expression in brain homogenates of (G 4 C 2 ) 66 mice but not (G 4 C 2 ) 2 mice ( fig. S1 ). In addition, c9RAN protein inclusions were specifically expressed in the CNS of (G 4 C 2 ) 66 mice ( Fig. 2 and fig. S2 ), as seen in c9FTD/ALS patients ( fig. S3 ). Indeed, r(G 4 C 2 ) 66 was RAN translated in all frames. In the cortex and hippocampus of (G 4 C 2 ) 66 mice, and less frequently in the cerebellum and spinal cord, globular poly(Gly-Ala) [poly(GA)], poly(GP), or poly(Gly-Arg) [poly(GR)] inclusions were detected most frequently in the nucleus, but cytoplasmic inclusions were also present. We also observed cells with diffuse nuclear poly(GP) staining and diffuse cytoplasmic poly(GR) staining. On the basis of semiquantitative analysis, cells immunopositive for poly(GA) or poly(GP) were more frequent than those immunopositive for poly(GR) (table S1), consistent with c9FTD/ALS c9RAN protein pathology (23) . The majority of c9RAN protein inclusions in (G 4 C 2 ) 66 mice were ubiquitin-positive ( fig. S4 ), as in c9FTD/ALS (24) , and localized to microtubule-associated protein 2-positive neurons but rarely to glial fibrillary acidic protein (GFAP)-positive cells ( fig. S5 ). About 70% of cortical cells immunopositive for poly(GP) inclusions also contained at least one RNA focus ( fig. S6 ).
Inclusions of phosphorylated TDP-43 (pTDP-43) are yet another neuropathological feature of c9FTD/ALS (Fig. 3, A and A′) (23) . Remarkably, nuclear, and occasionally cytoplasmic, inclusions of endogenous pTDP-43 were observed in the cortex (Fig. 3, B and B′) and hippocampus (Fig. 3C ) of (G 4 C 2 ) 66 mice that were present in about 7 to 8% of cells (Fig. 3E ) but were not observed in (G 4 C 2 ) 2 mice (Fig. 3D) . Immunoblot analysis of hemibrain urea fractions confirmed the presence of insoluble pTDP-43 in (G 4 C 2 ) 66 mice (Fig. 3F) . Insoluble pTDP-43 was predominantly monomeric, but oligomers of 80 kD were also observed. The high-molecular- weight or truncated pTDP-43 species seen in c9FTD were not detected in (G 4 C 2 ) 66 mice under these conditions. Of the 250 cortical cells with pTDP-43 pathology examined among five (G 4 C 2 ) 66 mice, all harbored at least one nuclear RNA focus (Fig. 3G) . Similarly,~75% of cells with pTDP-43 pathology also contained poly(GA) inclusions. Despite the coexistence of both proteins in a given cell, they did not localize to the same inclusions (Fig. 3H) . Next, we evaluated whether expression of the expanded repeat caused neurodegeneration and gliosis. In (G 4 C 2 ) 66 mice, the number of NeuNpositive neurons in the whole cortex and motor cortex was significantly reduced by 17% and 23%, respectively (Fig. 4, A to F) , and 11% fewer Purkinje cells were present in the cerebellum ( fig. S7 , A to C). No such cell loss was observed in the hippocampus, thalamus, or spinal cord. Immunoreactivity for GFAP, a marker of reactive gliosis, was increased in the cortex of (G 4 C 2 ) 66 mice ( fig.  S7, D to F) .
To determine whether the combination of pathological features described above affected behavior, 6-month-old (G 4 C 2 ) 2 and (G 4 C 2 ) 66 mice were subjected to a battery of behavioral tasks. At this time point, no significant difference in body weight was detected between male mice expressing 2 or 66 repeats, but female (G 4 C 2 ) 66 mice exhibited an 11% decrease in body weight compared with female (G 4 C 2 ) 2 mice ( fig. S8A) . A modest, but statistically significant, decrease in brain weight in (G 4 C 2 ) 66 mice was evident ( fig.  S8B ), which again suggested that the expanded repeat caused brain atrophy. The open-field assay can be used to evaluate general locomotor activity, exploration, and anxiety-like behavior in a novel environment. (G 4 C 2 ) 66 mice showed a decreased tendency to explore the center of the open field (Fig. 4, G and H) , which is suggestive of anxiety-like behavior. (G 4 C 2 ) 66 mice also traveled a longer distance in comparison with (G 4 C 2 ) 2 -expressing mice (Fig. 4I) and at a greater speed ( fig. S8C) , indicative of hyperactivity. Such hyperactivity has been linked to behavioral disinhibition in a mouse model of Alzheimer's disease (25) .
To examine whether the behavioral phenotype of (G 4 C 2 ) 66 mice includes a social component, we used a three-chamber social interaction test. This test assesses the active interaction time of the test mouse, with a novel probe mouse housed in a cylinder within one of the chambers and an empty cylinder in the opposite chamber. Compared with (G 4 C 2 ) 2 mice, (G 4 C 2 ) 66 mice spent more time in the chamber with the empty cylinder than in the chamber containing the probe mouse (Fig. 4J) , which suggested social abnormalities.
Finally, motor coordination and balance of mice were evaluated using the Rota-Rod test in which mice have to keep their balance on a rotating rod. Although no significant difference in time spent on the rod before falling off was seen between (G 4 C 2 ) 66 and (G 4 C 2 ) 2 mice on the first day of testing, from the second day onward (G 4 C 2 ) 66 mice fell significantly faster, which is indicative of motor impairments (Fig. 4K) .
Here, we found that mice expressing (G 4 C 2 ) 66 throughout the CNS developed RNA foci, ubiquitinpositive inclusions of c9RAN proteins, and pTDP-43 inclusions, as well as cortical neuron and cerebellar Purkinje cell loss. These abnormalities likely contributed to the behavioral phenotype of (G 4 C 2 ) 66 mice that suggested the disinhibition, anxiety, impaired social cognition, and motor skill deficits observed in c9FTD/ALS patients (26) . These data demonstrate that the expression of expanded sense G 4 C 2 repeats is sufficient to cause neuropathological changes and neurodegeneration; however, additional studies are required to determine the contribution of antisense repeats to disease.
(G 4 C 2 ) 66 mice should prove valuable in deciphering pathomechanisms associated with the C9ORF72 repeat expansion. Indeed, the observation of pTDP-43 inclusions in (G 4 C 2 ) 66 mice suggests that the repeat expansion is an initiator of TDP-43 pathology. Because all examined cells with TDP-43 pathology were found to contain foci, repeat-containing RNA or the foci themselves may be responsible for instigating TDP-43 abnormalities. As (G 4 C 2 ) 66 mice recapitulate neuropathological and clinical phenotypes of c9FTD/ALS, they also offer an attractive model for testing potential therapeutics targeting r(G 4 C 2 ) exp , such as antisense oligonucleotides (8, 11, 12) and small molecules (27) . In fact, our findings suggest that such approaches may not only mitigate foci formation and RAN translation, they may also alleviate TDP-43-mediated toxicity. 
